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ABSTRACT
Background: Though the tongue plays a critical role during the oral phase of swallowing, studies have found that the size and shape of tongue movements during swallowing can vary greatly
among individuals. One factor that may contribute to this movement variability is oralpharyngeal cavity geometry. A cavity with a different size and shape may require different
movements for efficient swallowing. While there are a number of studies that have attempted to
relate the oral-pharyngeal anatomy with features of orofacial movement, these studies focused on
speech movements and no studies have directly evaluated the relation between swallowingrelated tongue movements and oral-pharyngeal anatomy.
Purpose: This study sought to assess the effect that selected anatomical factors have on the
movements of the tongue during normal liquid swallowing.
Methods: Forty-one healthy young adults (18 males and 23 females) served as participants. Participants swallowed 10cc boluses of water while orofacial movements were recorded using an xray microbeam system. The size, speed, and duration of tongue movements were extracted and
were compared to estimated dimensions of the participants’ vocal tracts.
Results: Males exhibited vocal tracts that were taller and larger in area as compared to females.
Males also tended to have tongue movements that were larger and faster compared to women.
However, correlations between tongue movement parameters and vocal tract parameters demonstrated were either non-significant, or significant but weak.
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CHAPTER I
INTRODUCTION
Swallowing is a complex neuromotor process that combines both voluntary and involuntary motor processes. It has been common practice to separate the act of swallowing into a series
of stages or phases (Logemann, 1983; Groher, 1997). Logemann (1983) originally identified
four distinct phases. Sequentially, these phases are termed the oral preparatory phase, the oral
phase, the pharyngeal phase and the esophageal phase. During the oral preparatory phase, the
material being swallowed (hereafter termed the bolus) is held and prepared within the oral cavity.
Features of this phase vary significantly depending upon the bolus texture or consistency. When
the bolus is solid or semi-solid, chewing is needed to physically break down the bolus into a
more manageable consistency for swallowing. During this process saliva is mixed with the bolus,
which also changes its consistency. Following mastication, the tongue is principally used to help
collect the material into a cohesive bolus for swallowing. Given the viscosity of the solid/semisolid bolus, there is less likelihood of the bolus spilling into the pharynx prematurely. In contrast,
swallowing a liquid requires very little preparation of the bolus. However, because of its low viscosity, the liquid must be collected and actively maintained in a cohesive bolus within the oral
cavity before initiating the oral phase of the swallow. The tongue typically forms a posterior seal
by positioning the posterior part of the tongue against the posterior palate to maintain the material within the oral cavity and prevent spilling of the liquid posteriorly into the pharynx. An anterior seal is established by the oral cavity and/or the anterior portion of the tongue. The buccal
muscles are active, to maintain a lateral seal against the teeth. During this time the larynx maintains an open glottis to allow for nasal breathing, to continue until the oral phase of the swallow
is initiated.
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The oral phase of the swallow, which is the focus of the present study, begins with the
tongue voluntarily propelling the bolus toward the posterior region of the oral cavity and then
into pharyngeal cavity (Logemann, 1983). During this process, the tongue elevates toward the
hard palate in a forward to backward sequence in a wave-like action. This action serves to propel
the bolus posteriorly into the pharynx. At this point an indentation is formed in the middle region of the tongue to maintain the bolus as it moves posteriorly. A strong oral seal is also important during the oral phase to assure that material doesn’t leak out of the oral cavity. Additionally, the buccal muscles must also be active to prevent matter from dispersing into the lateral sulci.
The pharyngeal phase of the swallow typically begins as the bolus passes the anterior
faucial arches making the boundary between the oral and pharyngeal cavities (Logemann, 1983).
While the oral preparatory and oral phases of the swallow are voluntary processes under conscious control of the individual, the pharyngeal phase and esophageal phase of the swallow are
considered involuntary processes. With the pharyngeal phase triggered, a number of concurrent
physiological events occur. These include complete closure of the velopharyngeal port to prevent the bolus from entering the nasal cavity, elicitation of pharyngeal peristalsis by the pharyngeal constrictor muscles to move the bolus from the anterior faucial arch through the pharynx
toward the cricopharyngeal sphincter at the top of the esophagus, raising the larynx and closing
of the glottis and laryngeal vestibule to prevent material from entering the airway, and lastly
cricopharyngeal sphincter must open, to allow the bolus content to pass from the pharynx to the
esophagus.
The fourth and final stage of the normal swallowing is the esophageal phase. This phase
begins when the bolus enters the esophagus through the upper esophageal sphincter and contin-
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ues until it passes into the stomach at the lower esophageal sphincter. During this last phase of
swallowing esophageal peristalsis maneuvers the bolus through the cervical and thoracic esophagus into the stomach (Logemann, 1983).
The Tongue’s Role in the Oral Phase of Swallowing
As noted earlier during the process of swallowing a liquid bolus, precise movement of the
tongue is essential for safe and efficient propulsion of the bolus into the pharynx. The tongue
musculature is also involved in elevating the larynx and thus helping to protect the airway from
potential aspiration of the bolus. Furthermore, the oral phase of the swallow is generally considered to be under voluntary control and presumably voluntary modification. For these reasons
and others, there are a growing number of studies that have attempted to characterize features of
tongue movement during normal and abnormal swallowing using precision instrumentation
(Hamlet, 1989; Steele and Van Lieshout, 2008, 2009; Stone and Shawker, 1986; Tasko, Kent and
Westbury, 2002; Wilson and Green, 2006).
One of these studies provided both quantitative and qualitative descriptions of tongue
movement patterns during normal liquid swallowing and the pattern variability across subjects.
(Tasko et al., 2002). Specifically, the authors were interested in assessing the typical variability
exhibited by the tongue movement during the oral phase of liquid swallowing in healthy young
adults and the role that bolus size and gender accounted for such variability. Six healthy males
and six healthy females served as participants. The University of Wisconsin x-ray microbeam
system was used to track the location of small gold pellets attached on the midline of the tongue
(four pellets attached from front to back), to the teeth of the mandible and on the upper and lower
lips while subjects performed a number of water swallows of different volumes (2 and 10 milliliters). Analysis focused on motion of the tongue and mandible during the oral phase of the swal-
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low. Results revealed that during the oral phase of swallowing, the anterior tongue region consistently moved toward the palate earlier than the posterior tongue region in a wave-like action
described earlier. In general, the anterior tongue region produced smaller and slower movements
toward the hard palate as compared to the movements of the posterior tongue region, which were
consistently large and fast. Larger bolus volumes were generally associated with an increased
speed and distance moved by the tongue. The tongue movements of males tended to be larger in
extent and longer in duration. In spite of these trends, a key observation in the study was that
there was significant variability in both the size and pattern of tongue movements across the subject pool. First, there was marked variability in the specific shape and direction of tongue movement trajectories across subjects. Some subjects exhibited largely vertically oriented motion,
whereas others exhibited significant amounts horizontal (i.e. front-to-back) motion. Second,
there was a wide range in size and speed of the tongue movements across the pool of subjects,
regardless of gender. Third, the timing of wave-like movement of the tongue was highly variable
across the subject pool. Finally, there was a lot of variation among the subjects in terms of the
role of mandibular motion during the swallow. About half of the subjects exhibited mandibular
elevation during the swallow (assisting the tongue elevation) and about half maintained a fixed
posture of the mandible (not assisting with tongue elevation).
Such variability in a healthy population makes it difficult to define what “normal” tongue
function is during swallowing. Could other subject characteristics account for such inter-subject
variability? Since, on average, men are larger than women, could anatomical factors impact the
kinematic features of tongue movement during swallowing and yield an observation of larger
movement trajectories as reported by Tasko et al. (2002). Specifically, could the size and the
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shape of the oral and pharyngeal cavities influence the shape and size of tongue movements for
swallowing? This is the main question of the current study.
Relationships between Oral and Pharyngeal Cavity Morphology and Oral Motor Behavior
There is a paucity of research that has been carried out pertaining to morphology of the
oral and pharyngeal cavities (hereafter termed the vocal tract) and orofacial behaviors during
swallowing. Research that has assessed for relationships between the vocal tract size and tongue
movement kinematics has focused on speech articulatory behavior. Therefore, the literature on
relationships between speech kinematic behavior and measures of vocal tract size will be reviewed.
Kuehn and Moll (1976) evaluated effects of speaking rate, phonetic context, and size of
oral structures on the kinematic features of tongue movement during speech production. Seven
females and ten males were evaluated using the x-ray cineradiography. Subjects were required to
produce a variety of CVCV syllable strings at varying speaking rates. Tongue displacements, velocities, and durations were measured for each speech condition. Results suggested that subjects
with the largest oral structures tended to move their articulators the greatest distances when transitioning between two phones. The authors also found that subjects used one of two strategies to
increase speaking rate. One strategy was to decrease the duration of articulatory transitions by
maintaining a similar displacement but increasing velocity of movement. The second strategy
was to maintain a similar velocity, but decrease the articulatory displacement (i.e., articulatory
undershoot). The size of the oral structures did not appear to reliably predict which rate-altering
strategy a subject used.
Assessments have been carried out to see if individuals’ anatomical differences impact articulatory movements associated with speech production (Honda, Maeda, Hashi, Dembowski &
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Westbury, 1996). Ten English and 10 Japanese adult speakers (half male and half female) produced isolated vowels and vowel-consonant-vowel (VCV) nonsense words while articulatory
motion was traced using the University of Wisconsin x-ray microbeam system. A mid-sagittal xray was used to identify a number of anatomical landmarks that made up a four-cornered region
around the oral cavity that the authors termed articulatory space or simply “A-space.” Results
indicated that the A-space differed along a number of dimensions for the two genders and for the
English and Japanese speaker groups. For example, while males exhibited an A-space that was
shaped like a parallelogram, females’ A-space was more quadrilateral-shaped. When the male
speakers produced diphthongs, the orientation of tongue movement appeared to be influenced by
the shape of the A-space. Specifically, those with shorter pharyngeal cavities and prognathic
mandibles tended to move their tongue more vertically. Additionally, English speakers’ tongue
postures for alveolar consonants varied as a function of A-space shape. Japanese speakers’ articulatory patterns were constant regardless of their A-shape. The authors concluded that speakers
may select articulatory postures and movements that take into account vocal tract morphology.
A later study compared anatomical measures and kinematic features of speech movements in healthy speakers (Earnest & Max, 2001). Eighteen (9 male and 9 female) healthy English speaking adults were drawn from The University of Wisconsin X-ray Micro-Beam (XRMB)
Database. A range of kinematic measures was drawn from articulatory movements associated
with a range of VCV syllable productions. Specific cranial and orofacial morphometric data
were also drawn from each speaker. Correlation coefficients were computed for a range of morphometric and kinematic variables. The authors found a number of significant correlations between anatomical and kinematic variables. However, clear patterns of association failed to
emerge, and it appeared that as with the work of Honda et al. (1996), results were different for
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male and female speakers. The authors noted that further research was needed to find whether
any of the observed relationships had functional significance for articulatory processes involved
in speech production.
The variable of gender was again viewed as a significant factor in an alternative research
study to account for variations in articulatory movements (Simpson, 2001). The author assessed
acoustic and articulatory patterns associated with diphthong production in a group of young,
healthy male and female speakers of American English. Participants included 26 females and 22
males drawn from The University of Wisconsin X-ray Microbeam Speech Production Database.
The author found that while the first-and second-formant tracks associated with male and female
diphthong productions were quite similar, the patterns of tongue movements for men and women
were quite different. Males’ productions were characterized by faster and larger articulatory
movements as compared to females. The author attributed this difference to the observation that
males tend to have longer pharyngeal cavities as compared to females.
A somewhat different approach was carried out to examine how anatomical factors influence articulatory movements. Riely and Smith (2003) compared the amplitude and velocity of
speech movements for two groups known to have different sized vocal tracts: children and
adults. Participants included 20 healthy 5-yr old children and 30 healthy young adults with an
equal number of females and males in each age group. Participants repeated sentences that could
be produced by young children, which contained large inferior and superior jaw movements.
Kinematic measures included the dynamic range of displacement and velocity for various oral
cavity movements throughout the entire utterance. Additionally, peak velocity and amplitude for
isolated movements were measured. A number of anthropomorphic measures of the head were
also obtained for each participant. While children did exhibit kinematic patterns of speech
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movement that were different from adults, the results failed to demonstrate clear evidence for the
hypothesis that kinematic variables scale to the size of anatomical structures.
The relationship between palatal shape and articulation has also been studied. Brunner,
Fuchs and Perrier (2005) hypothesized that, for acoustic reasons, palate shape may have an influence on the amount of articulatory variability that is tolerated by a speaker. Specifically, the authors argued that speakers with naturally “flat” palates would exhibit less articulatory variability
when producing vowels and consonants than speakers with a more “domed” palate. The rationale
for this view is that a movement of a given size would have a greater influence on the crosssectional areas of the vocal tract for a flat palate as compared to a domed palate. A larger change
in cross-sectional area would translate into a larger acoustic change, which may not be tolerated
by the listener. This hypothesis was tested in a group of 20 healthy speakers of a variety of European languages. The variability of contact patterns during vowel production was determined using electropalatography. Results revealed that speakers with a more flat palate did exhibit the
smallest variability, while those with a domed palate could exhibit either high or low variability.
These results support the notion that individuals with flat palates require more precision than individuals with dome shaped palates, because small alterations may largely affect speech acoustics and, thus, speech perception.
Recently, Rudy and Yunusova (2013) assessed the same general hypothesis of Brunner et
al. (2005). However, these authors used a different methodology and focused exclusively on consonant production. Specifically, the authors assessed whether the variability of tongue movements during the production of consonants was associated with palate shape and other anthropometric measures of the head. Twenty-one healthy Canadian English speakers served as participants. Speakers produced a series of VCV syllables within a carrier phrase. The syllables includ-
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ed three of the corner vowels as well as nine lingual consonants. Tongue positions were recorded
using a three-dimensional electromagnetic transduction system. Sensors were attached to the
tongue blade, and the tongue dorsum. The authors found that tongue position variability was partially explained by curvature and length of the palate. However, this was true for only front consonants and there was no evidence that positional variability of back consonants was related to
structural factors. The authors highlighted that palate morphology needs to be considered when
examining articulatory variability.
As noted earlier, there is a lack of research pertaining to the kinematic components during swallowing. However, the studies that focus on kinematics and morphology of the oral cavity
during speech do provide some helpful information since both the speaking and swallowing are
behaviors that are constrained by the range of motion of the articulators and the morphology of
the vocal tract.
Purpose of the Present Study
The purpose of the current study was to compare measures that reflect both vocal tract
size and shape to the size, speed, and duration of tongue movements during normal liquid swallowing.
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CHAPTER II
METHODS
Participants:
Forty-one healthy participants (18 males and 23 females) were selected from the University of Wisconsin X-ray Microbeam Speech Production Database (XRMB-SPD) for inclusion in
this study. The XRMB-SPD contains recordings of tongue, lip, and jaw movement associated
with a range of speech, swallowing, and other oral motor behaviors in a group of 57 healthy
adults. Sixteen participants were excluded for: atypical pellet movements that could not be
measured, pellet roll-off that occurred during the swallowing task, and pellet mistracking. Participants were generally young college-aged individuals who lived mainly in the Midwestern regions of the United States. Table 1 indicates age, gender, height, and weight of the participant
pool. The median age of the male and female participants was 21.3 and 20.8 years of age, respectively.
Swallowing Task:
Participants were instructed to swallow water bolus volumes of 2 and 10mL. The bolus
was administered into the oral cavity using a graduated syringe. The liquid bolus was held in the
participants’ mouths until they were prompted to swallow. The prompt to swallow was a 1000
Hz, 250 millisecond tone. Recordings were made for approximately 3 seconds following the
tone. Each subject performed a maximum of five swallows at each bolus volume. Preliminary
analysis found that the tongue movements associated with the 2 ml bolus volume of water were
small and highly variable. Thus, only results from individuals swallowing 10 ml of water were
used.
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Instrumentation and Data Collection:
The XRMB-SPD was collected using the University of Wisconsin x-ray microbeam system. This is a unique system, which allows for detecting two-dimensional midsagittal movement
of a number of 2-3mm-diameter gold pellets that are systematically placed on various structures
within and around the oral cavity. A narrow x-ray beam (0.4 mm) is directed toward the gold pellets by a computer-guided positioning system that continuously tracks the predicted position of
the pellets as the participant produces the speech or swallowing task. The resultant tongue
movement trajectories (tracings) are represented as a time series in a two-dimensional coordinate
system that is referenced to the maxillary occlusal plane. The x-ray microbeam system used for
this study emits very low doses of radiation. Therefore it is considered a safer alternative compared to traditional x-ray systems.
Figure 1 shows the location of the pellets used to track the motion of the orofacial structures. Single pellets were placed along the upper lip (UL), lower lip (LL), buccal surface of the
central mandibular incisor (MI), and between the first and second left mandibular molars (MM).
In addition, four pellets were positioned along the longitudinal sulcus of the tongue (T1-T4). T1
was located closest to the apex of the tongue and T4 was located in the most dorsal position,
closest to the tongue base. Additional reference pellets were positioned on the nose and the central maxillary incisor so that tongue movements were expressed in relation to the participant’s
head. For the current study, analysis was limited to the T3 and T4 pellets due to the critical role
of the posterior tongue when propelling the bolus from the oral to the pharyngeal cavity during
swallowing.
Since the x-ray microbeam only tracks the positions of the small gold pellets, anatomical
landmarks needed to be defined in order to interpret the functional significance of a movement.
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For the current study, three anatomical landmarks were used: the location of the maxillary occlusal plane, the position of the posterior pharyngeal wall, and the outline of the hard palate. The
position of the maxillary occlusal plane was determined by having the participant hold a custom
bite plate between the upper and lower teeth that has pellets attached to it. The position of the
pellets was then used to determine the occlusal plane. The posterior pharyngeal wall was identified during a brief x-ray scan of the head. Determining the outline of the hard palate required a
more involved process. Participant had a plaster mold of their hard palate made by a dentist. The
mold then had a number of gold pellets attached along the mid-sagittal plane of the hard palate.
A recording of the pellet positions were made and this was transposed onto the participant data.
This recording was used to represent the boundaries of the hard palate.
Data Analysis:
Vocal Tract Size Estimation (Figure 2)
To measure the size of the vocal tract, a custom-written Matlab program was used.
Measures for each participant included individual’s vocal tract maximum height, length, and area. Figure 2 shows how the vocal tract area, vocal tract max height, and vocal tract length were
calculated. Maximum vocal tract height was estimated by finding the highest point of the hard
palate relative the maxillary occlusal plane. Vocal tract length was obtained by determining the
distance from the point where the lower and upper incisors intersect with the maxillary occlusal
plane to the point of intersection between the occlusal plane and the posterior pharyngeal wall.
Lastly, vocal tract area was calculated using a custom-written Matlab routine, which calculated
the area bound by the palate superiorly and anteriorly, the maxillary occlusal plane inferiorly, and
the pharyngeal wall posteriorly.
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Measurement of Swallowing related Tongue Movement
Matlab, a data processing and analysis program, was used to extract kinematic measures
of tongue movement for the participant pool. The majority of the individuals’ replicates exhibited
a pronounced peak in the movement speed of the posterior tongue (i.e., T3 and T4) during swallowing. This was associated with the elevation of the tongue toward the palate to move the bolus
from the oral to the pharyngeal cavity. Figure 3 shows this pattern for the T4 pellet for a single
participant. Panel A shows the trajectory of the T4 pellet during the oral phase of the swallow.
Note that, following a brief downward motion, there is a large upward and posterior tongue
movement in the direction of the palate. Panel B shows the speed of tongue movement. There is
a large acceleration, followed by a large deceleration as the tongue elevates toward the palate.
The peak speed of the movement occurs midway through this tongue elevation gesture. These
two plots were used to determine the onset and offset of this movement.
Movement duration was defined as the time between troughs in the speed history surrounding the peak speed. These troughs were typically associated with the beginning and ending
of the tongue elevation gesture. Movement distance moved during the tongue elevation gesture
was obtained by calculating the distance covered by the path of the pellet during the tongue elevation gesture. Lastly, peak movement speed, which represents the greatest instantaneous speed
reached between initiation and conclusion of the tongue raising gesture was extracted (Figure 3).
During this process several trials were excluded because the x-ray microbeam tracking system
failed to capture the motion of one or more pellets.
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Statistical Analysis
Qualitative evaluation of the various measures revealed a normal distribution in the participants’ anatomical and kinematic measures. As a result, non-parametric statistical tests were
used. A two-sample Wilcoxon test was used to compare differences between males and females.
Spearman correlations were used to evaluate the relationship between various measures.
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CHAPTER III
RESULTS
Vocal Tract Measures
The distributions of vocal tract measures for the participant group, broken out by gender,
are shown in Table 2. The estimated vocal tract boundaries for all 41 participants are shown in
Figure 4. There is a large range in length and height of the vocal tract across the participant pool.
The vocal tract length measures obtained for males and females were comparable. Although the
male participant group tended toward a longer vocal tract, an evaluation of differences using the
two-sample Wilcoxon test revealed no significant difference between males and females
(W=427, p=0.21) and the median value for length of male vocal tracts was less than 1 mm longer
than for the female vocal tracts. Larger differences between males and females were found for
measures of vocal tract height and vocal tract area. Male vocal tracts generally exhibited a taller
maximum palate height and larger vocal tract area. Comparing, the gender distributions of the
male and female data reveals that the greatest female vocal tract height and area roughly corresponded with the median value for the male group. Statistical analysis using the two-sample
Wilcoxon test revealed that males’ were significantly larger than females in measures of maximum vocal tract height (W=532, p<0.00005) and vocal tract area (W=509, p=0.004).
Tongue Kinematic Measures
The distributions of duration, distance moved, and peak speed of the tongue movements
associated with the oral phase of liquid swallowing, broken out by gender, are shown in Table 3.
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These kinematic measures were obtained for pellets T3 and T4 that were attached to the posterior
tongue region (see Figure 2). Although the female participant group tended toward longer durations in tongue movement, an evaluation of differences using the two-sample Wilcoxon test revealed no significant differences in duration of movement between males and female for T3
(Z=0.3147, p=0.753) or T4 (z=1.1015, p=0.2707). Measures of the distance moved by the T3
and T4 pellets were evaluated for males and females. While there was a trend for males to exhibit larger tongue movements compared to females, analysis using the two-sample Wilcoxon
test showed that this was only significant for the T4 pellet (W=494, p=0.0004). Movements of
the T3 tongue pellet did not reach statistical significance (W=398, p=0.1822). Comparing females’ and males’ measures of tongue speed revealed that males were faster than females for
both T3 (W=423, p=0.042) and T4 (W=484, p=0.0013).
Associations between Vocal Tract Measures
Associations between the three vocal tract size estimates were evaluated using Spearman
rank correlation coefficients. In addition, participant height was included because it represented
means to control for overall size (Table 4). Significant positive correlations between vocal tract
length and vocal tract area (r=0.44, p<0.01), as well as between maximum vocal tract height and
vocal tract area (r=0.92, p<0.00005), were observed (Figures 5 and 6). These relationships are
not that surprising because vocal tract length and maximum vocal tract height are measures that
contribute to estimates of vocal tract area. However, it should be noted that the strongest correlation was between vocal tract height and vocal tract area. Clearly, vocal tract height appears to
contribute more to variations in vocal tract area than vocal tract length. Other significant positive
correlations were found between the participants’ height and their vocal tract area (r=0.48
p<0.002) and vocal tract maximum height (r=0.53, p<0.0008), suggesting that a broad measure
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of body size (i.e., height) does predict vocal tract size. Correlations between vocal tract length
and vocal tract height, and between vocal tract length and participant height were not significant.

Association between Tongue Measures and Vocal Tract Measures
The results obtained from a series of Spearman rank correlation analyses to ascertain
whether the association between vocal tract dimensions and the selected tongue kinematic
measures are shown in Table 5.
Vocal Tract Area
No significant correlations were observed between vocal tract area and the duration of
tongue movement for either T3 (r=0.09, p=0.5) or T4 (r=0.04, p=0.82). Carrying out an evaluation for similarities of vocal tract area and tongue movement distance revealed a correlation that
was statistically significant for tongue pellet T3 (r=0.33, p=0.04), but not T4 (r=0.28, p=0.08).
Additionally, using the same statistical analysis, vocal tract area was correlated with tongue
movement speed. Correlations between vocal tract area and tongue speed was not statistically
significant for T3 (r=0.23, p=0.15), but was for T4 (r=0.31, p=0.05).
Vocal Tract Length
Vocal tract length was not significantly correlated with any of the kinematic measures of
tongue movement (Table 5).
Maximum Vocal Tract Height
Correlations between the maximum height of the vocal tract and kinematic measures of
tongue movement were performed. As with the other vocal tract measures, movement duration
was not significantly correlated with vocal tract height (T3: r=0.15, p=0.35; T4: r=0.10, p=0.51).
Correlations between kinematic measures of distance transcended and vocal tract height were
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also compared. Results show a statistically significant positive correlation between vocal tract
height and T3 movement distance (r=0.41, p=0.01). Figure 7 plots this relationship. Results for
T4 approached, but did not meet, the criteria for statistical significance (r=0.30, p=0.07). Similarly, correlations between kinematic measures of tongue speed and vocal tract height approached but did not reach significance (T3: r=0.28, p=0.08; T4: r=0.27, p=0.09).
Participant height
Associations between participants’ height and kinematic measures of tongue movement
were tested and no significant relationship between participants’ height and T3 kinematic
measures of duration (r=-0.04, p=0.80), distance (r=.017, p=0.28) or speed (r=0.24, p=0.14) were
identified. Correlations between T4 movement duration and participants’ height were also statistically insignificant (r=0.20, p=0.22). Results obtained show a statistically significant positive
correlation between participants’ height and T4 kinematic measures of distance (r=0.58,
p<00005) and speed (r=0.63, p<0.00005). Figures 8 and 9 respectively plot T4 distance and T4
speed as a function of participant height.
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CHAPTER IV
DISCUSSION
Gender Differences in Vocal Tract Anatomy and Tongue Kinematics
Males exhibited significantly larger maximum vocal tract height and vocal tract area, but
vocal tract length was not significantly different from females. None of the studies cited made
direct measures and compared gender in this way. Honda et al. (1996) did find that males and
females exhibited different vocal tract shapes, but measures were not reported. Because differences were identified size, duration and speed of tongue movements during swallowing were
evaluated by gender.
Males exhibited significantly larger (for T4 only) and faster swallowing-related tongue
movements (T3 and T4) as compared to females. However, measures of movement duration
were similar for males and females. These results were different from the results of Tasko et al.
(2002), who found that males tended to exhibit both larger and longer tongue movements as
compared to females. One of the reasons for the discrepancy between these two studies may relate to methodological differences. Specifically, Tasko et al. examined both anterior and posterior
positioned tongue pellets, while the current study restricted analysis to the posteriorly placed pellets. In his study of diphthong production, Simpson (2001) also found that men tended to move
their tongues’ farther and faster than women. The current results that males have larger vocal
tracts and exhibit larger, faster tongue movements, support the notion that movement variability
may be influenced by anatomy. Males may need to make larger and faster movements to accomplish the same speech acoustic and swallowing targets. This idea is consistent with conclusions
made by Kuehn and Moll (1976).
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Associations between vocal tract measures and tongue kinematics across the whole group
No strong associations between measures of vocal tract anatomy and tongue kinematic
measures were identified. Movement duration was not significantly correlated with any anatomical measure. Movement distance was correlated with maximum vocal tract height and vocal
tract areas for one tongue pellet only, and these correlations were 0.41 and 0.33 respectively.
Similarly, movement speed was correlated with vocal tract area for only one tongue pellet (0.31).
These weak, but significant, correlations suggest that while vocal tract anatomy plays a role in
influencing swallowing-related tongue kinematics, that role is relatively small. These results are
similar to those of Earnest and Max (2001), who found correlations between anatomical and kinematic variables during speech. Like this study, clear patterns of association failed to emerge.
Earnest and Max found differences in correlations between male and female speakers. The current study did not perform correlations within the male and female groups. The largest correlation found in the analyses was between participant height and T4 distance (0.58) and speed
(0.63). This result is somewhat surprising because one would think that vocal tract measures,
which are the boundaries enclosing the operating space for the tongue, would have a stronger
association with tongue movements than a global measure of size such as participant height. A
similar result for speech was found by Earnest and Max.
One possible reason for the weak associations between the vocal tract measures and
tongue kinematics may have to do with the data that were chosen for analyze. As Rudy and
Yunosova (2013) found in their study, positional variability in the tongue was explained by palate curvature and length only for the anterior tongue during the production of front consonants.
Posterior tongue variability was not predicted by palate shape. In the current study, analysis was
limited to movement of the posterior tongue because that is the part of the tongue most active
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during swallowing. However, maximum vocal tract height (and by extension vocal tract area)
was influenced heavily by the anatomy in the anterior oral cavity.
Limitations
This study has a number of limitations. First, during data collection and analysis, several
of the recorded trials could not be used for a variety of technical reasons. For example, pellets
did not stay attached to the tongue region while the swallow was being recorded. This could
have had some influence on the results. Second, the data set used for this study did not have
equal representation among males and females. Third, the vocal tract measures were rather
coarse and relied upon a number of assumptions. It may be that more refined measures of palatal
shape would be a better predictor of tongue movements during swallowing. Details about palatal
shape were not accounted for in this study, and it may have influenced results. Brunner et al.
(2005) found that for speech production, more precision is required to meet articulatory goals for
individuals who have flat palates compared to those with dome-shaped palates.
Future Directions
Future studies should expand to include a larger sample in terms of participants and bolus
consistency. Carrying out further studies with other age cohorts would also be beneficial. Specifically using older participants and those who have dysphagia, and comparing them with
healthy participants may be helpful in providing results that have clinical value. In conclusion,
carrying out future studies with a larger database of participants across a wider range of bolus
consistencies is recommended, to better understand the tongue’s role during normal swallowing.
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Table 1. Subject demographics and vocal tract (VT) measures.
Subject
jw08
jw11
jw12
jw13
jw15
jw16
jw18
jw20
jw22
jw23
jw24
jw25
jw26
jw27
jw28
jw29
jw30
jw31
jw33
jw35
jw36
jw37
jw39
jw40
jw41
jw43
jw45
jw48
jw49
jw51
jw52
jw53
jw54
jw57
jw58
jw59
jw61
jw62
jw63
jw472
jw502

Gender
M
M
M
F
M
F
M
F
F
F
M
F
F
F
M
F
F
F
F
F
F
F
F
M
M
M
M
F
F
M
F
M
F
M
M
M
M
F
M
F
F

Height(in)
70
69
72
65
66
65
69
67
66
64
72
67
65
65
73
66
65
62
66
71
62
67
66
73
75
74
69
61
63
72
68
72
67
74
71
69
70
64
71
71
62

Weight(lbs)
160
150
155
165
130
140
170
125
125
117
150
125
140
190
165
125
150
130
125
165
110
120
140
165
190
180
173
150
115
175
125
155
120
195
165
160
150
110
145
160
175

Age(yrs)
22.83
20.04
21.1
36.98
22.44
20.49
19.38
25.39
20.65
25.12
19.65
24.19
23.88
20.85
21.58
20.61
19.45
19.92
19.41
24.28
18.33
20.12
23.77
19.21
20.41
20.05
21.24
21.33
19.45
19.19
26.46
20.72
21.34
19.6
23.23
29.28
20.4
18.38
20.66
25.32
34.04

VT length
83.4
90.6
74.6
72.3
76.3
78.7
81.6
73.6
76.0
75.4
75.7
76.9
73.8
80.5
78.6
80.7
83.7
73.1
74.9
79.6
85.5
76.4
83.0
86.9
80.3
84.4
77.9
80.3
79.7
81.0
80.7
76.3
71.4
85.2
74.9
82.0
77.9
78.0
74.7
79.5
81.6

VT max height
26.3
27.2
23.4
18.4
21.4
17.3
21.7
22.7
20.2
19.2
21.7
19.1
20.4
19.0
20.0
15.5
18.3
17.8
17.5
20.2
20.3
16.7
18.9
27.0
25.0
25.5
22.0
18.3
20.6
18.1
19.3
23.0
22.8
24.2
20.4
25.5
21.5
22.3
20.9
21.0
20.4

VT area
1697.4
1907.8
1409.4
967.1
1282.9
1010.4
1358.1
1311.7
1279.8
1089.0
1273.4
1200.4
1138.8
1159.2
1186.3
1009.6
1236.4
936.5
1034.1
1304.0
1348.5
972.0
1254.1
1776.9
1550.6
1654.1
1281.9
1141.4
1358.7
1115.3
1267.9
1388.9
1319.2
1626.4
1204.7
1710.8
1371.5
1372.4
1252.6
1322.1
1239.5
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Table 2. Minimum, maximum, median and quartile values of males and females vocal tract
measures.
Males

Females

Min

25th

Median 75th

Max

Min

25th

Median 75th

Max

74.6

76.3

79.5

83.0

90.6

71.4

75.2

78.7

80.6

85.5

Maximum 18.1
VT Height

21.4

22.5

25.4

27.2

15.5

18.3

19.2

20.4

22.8

VT
Length

VT Area 1115.3 1275.5 1380.2

1647.2 1907.8 936.5 1061.5 1236.4 1307.8 1372.4
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Table 3. Minimum, maximum, median and quartile values of males and females tongue kinematic measures.

T3 Duration

Males
Min
25th
120
148

Max
218

Females
Min 25th Median 75th
102 136.8 170
194

Median 75
158
166

Max
247

T3 Distance

8.3

12.8

14.6

17.5

23.6

7.3

15.3

22.2

T3 Speed

88.4

145.1 174.2

193.7

263.1 95.3 124.1 152.8

170.4

225.6

T4 Duration

120

139

166

178

209

118

135

147

171

196

T4 Distance

10.4

16.8

19.4

21.1

25.6

9.1

13.6

15.0

16.6

18.1

T4 Speed

127.8

192.6 223.3

236.2

274.7 93.1 152.8 174.2

194.8

253.7

th

10.2

13.2

ORAL-PHARYNGEAL CAVITY SIZE AND KINEMATIC MEASURES

31

Table 4. Spearman correlation coefficients (r) and p-values (in parentheses) for correlations between various vocal tract measures.
Kinematic
Measure

Vocal Tract Max
Height

Vocal Tract
Area

Height

VT Length

r (p-value)
0.21 (0.18)

r (p-value)
0.44 (0.01)*

r (p-value)
0.16 (0.33)

0.92 (0.00005)*

0.53 (0.0008)*

Maximum VT
Height
VT Area

0.48 (0.002)*
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Table 5. Spearman correlation coefficients (and p-values) that assess associations between physical measures (vocal tract and overall height) and tongue kinematic measures.
Kinematic
Measure

T3 duration
T4 duration
T3 distance
T4 distance
T3 speed
T4 speed

VT Length

Maximum VT Height VT Area

Height

r (p-value)
0.07 (0.67)
0.21 (0.20)
0.04 (0.82)
0.12 (0.47)
-0.09 (0.55)
0.11 (0.51)

r (p-value)
0.15 (0.35)
0.10 (0.51)
0.41 (0.01)*
0.30 (0.07)
0.28 (0.08)
0.27 (0.09)

r (p-value)
-0.04 (0.80)
0.20 (0.22)
0.17 (0.28)
0.58 (0.00)*
0.24 (0.14)
0.63 (0.00)*

r (p-value)
0.09 (0.58)
0.04 (0.82)
0.33 (0.04)*
0.28 (0.08)
0.23 (0.15)
0.31 (0.05)*
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Figure 1. This figure represents the mid-sagittal view of the vocal tract. The filled black circles
represent a rough indication of where the pellets were placed during data collection. For this
study only the posterior pellets T3 and T4 were used for analysis.
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Figure 2. This plot shows how vocal tract dimensions were collected. The solid bold lines represent the actual measures obtained for participants for their posterior pharyngeal wall and the
anterior portion of the hard palate. See details in text for how these measures were obtained.
The dotted lines depict projections that were added to enclose the vocal tract. The posterior dotted line is a horizontal line that projects from the most posterior points of the hard palate to the
posterior pharyngeal wall. Additionally, the dotted line projecting from the front of the hard palate connects the most anterior point of the hard palate to the location where the central maxillary
incisors meets the maxillary occlusal plane. Using this representation of the vocal tract, three
measures were extracted for further analysis: Maximum vocal tract height, vocal tract length and
vocal tract area.
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A
B

Figure 3. This figure depicts the two-dimension mid-sagittal movement (Panel A) and speed
(Panel B) of the most posterior pellet (T4) for the participant jw63 swallowing a 10 ml volume of
water. Panel A shows how far the T4 pellet moved in the mid-sagittal plane. The solid black circle represents the movement onset, which is the point where a prominent superior movement of
the pellet began. The solid gray circle represents the movement offset which is roughly the point
where the pellet reaches the palate (not shown). Panel B depicts the speed of the T4 pellet over
the same time span. Note the solid black circle shows that at movement onset, the speed of the
pellet was relatively low and then rapidly accelerates to a maximum speed, followed by a large
deceleration toward a very low pellet speed at the movement offset (solid gray circle).
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Figure 4. This figure illustrates the palate and pharyngeal variability for the participant pool.
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Figure 5. Scatter plot of vocal tract area plotted as a function of vocal tract length shows a significant positive correlation.
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Figure 6. Scatter plot of vocal tract area plotted as a function of maximum vocal tract height
shows a significant positive correlation
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Figure 7. Scatter plot displaying the distance transcended of tongue pellet T3 as a function of
maximum vocal tract height show a statistically significant positive correlation.
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Figure 8. Scatter plot showing tongue pellet T4s’ distance transcended plotted as a function of
participant height, shows a statistically significant positive correlation.
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Figure 9. Scatter plot showing tongue pellet T4s’ speed plotted as a function of participant
height, shows a statistically significant positive correlation.
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